ABSTRACT The genes coding for 17S and 25S rRNA in Paramecium tetraurefia were isolated. The macronuclear ribosomal DNA (rDNA) exists as relatively small, extrachromosomal molecules with both linear and circular forms. Electron microscopy and restriction endonuclease analysis revealed that the rDNA is arranged as tandem repeats with an average repeat size of 5.5 X 10" daltons. Some heterogeneity of repeat lengths was found both by electron microscopy and by restriction enzyme analysis. The rDNA does not snap back after denaturation. This study provides additional evidence that extrachromosomal rDNA may be a common feature among lower eukaryotes. However, in contrast to several other cases, the rDNA of Paramecium is not palindromic, but occurs as tandem repeats as in higher eukaryotes. Among eukaryotic organisms the genes coding for rRNA generally exist as multiple, tandem copies integrated into the chromosomes at one or more locations. However, the ribosomal DNA (rDNA) may, in certain instances, occur as extrachromosomal copies, which in the oocytes of many animals are extensively replicated during the process of amplification (1, 2). Some of these extrachromosomal molecules are circular, and their sizes are integral multiples of a basic repeating unit. One unit encompasses the DNA coding for rRNA plus the transcribed and nontranscribed spacer regions (3, 4).
and 148 (endosymbiont free), were kindly supplied by T. Sonneborn (Indiana University). The cultures were grown at 27°in Cerophyl infusion inoculated with Klebsiella aerogenes (13) . In order to label Paramecium DNA, 0.1 ml of packed cells (1 X 106 cells) was added to 250 ml of Cerophyl infusion and [methyl-'4C]thymidine (57.1 Ci/mol; New England Nuclear) was added to 0.04 ,Ci/ml. After 24 hr of growth the culture was refed with Klebsiella. After an additional 24 hr the culture was in late logarithmic growth (14) , and the organisms were collected by centrifugation at low speed. The cells were then washed and resuspended in Dryl's solution (13) .
Tetrahymena thermophilia, strain BIV, was grown axenically in 50 ml of 1% proteose peptone/0.003% sequestrin, containing 0.25 ml of antibiotic mixture (Gibco) at 270 with shaking. Cells were labeled by culturing for 24 hr with [methyl-14C]thymidine added to 0.01 ,uCi/ml, and were washed and harvested as above.
DNA Isolation and Alkaline Sucrose Gradients. Most DNA samples were isolated by a modification of the procedure of Kavenoff and Zimm (15) , as described (7) . Because of the large difference in ploidy levels between Paramecium micronuclei and macronuclei, the DNA used in these studies must be derived almost exclusively from macronuclei (16) .
Alkaline sucrose gradients (30 ml, 15 For comparison, Tetrahymena DNA was isolated and centrifuged in a similar fashion. The rDNA sedimented more slowly than the great majority of the DNA and showed a sharp hybridization pattern, as predicted from its known molecular weight and extrachromosomal location (7, 8 ; data not shown). Thus, Paramecium rDNA sedimented in alkaline sucrose gradients in a fashion similar to Tetrahymena rDNA, but Paramecium rDNA had a higher average molecular weight. In addition, the sedimentation profile of Paramecium rDNA was much broader than that of Tetrahymena rDNA or of X DNA in the same gradient, which suggested that Paramecium rDNA was heterogeneous in size.
Paramecium rDNA was purified from whole-cell DNA by equilibrium centrifugation. The rDNA and mtDNA were difficult to separate from one another since they have similar buoyant densities in neutral CsCl and similar molecular weights.
Separation was achieved by centrifugation in actinomycin D/CsCI gradients, as shown in Fig. 2A . In neutral CsCl the purified rDNA has a buoyant density of 1.699 g/cm3 (Fig. 2B) . Endonuclease digestion of the rDNA revealed the same pattern as had been previously determined with DNA from isolated macronuclei. Such macronuclear DNA lacks mtDNA but is usually of low molecular weight (21) .
To confirm that we had purified rDNA, and not mtDNA, we isolated Paramecium mitochondria from stock 51 and purified their DNA. This mtDNA had the same buoyant density in neutral CsCI (1.702 g/cm3) as previously reported for stock 51 (22) . Although the buoyant densities in neutral CsCl of the rDNA and mtDNA were almost identical, their properties differed in most other respects. As determined by electron microscopy, the linear mtDNA molecules occurred in discrete size classes with both monomer (25.6 X 106 daltons) and dimer (51.6 X 106 daltons) forms. Both the size and the partial denaturation pattern of the mtDNA agreed with the results of Goddard and Cummings (23, 24) . The restriction pattern of the mtDNA differed appreciably from that of the rDNA (Fig. 3) . Moreover, certain restriction fragments of the rDNA, when eluted from gels by the Southern technique (25), hybridized with Paramecium [32P]rRNA, while those from mtDNA did not. These results confirmed that the rDNA had been separated from the mtDNA.
Purified rDNA was examined by electron microscopy. Measurement of molecules from enlarged photomicrographs showed a broad distribution of sizes, with some clustering around molecular weights of 5-7, 9-11, 20-23, and 29-30 X 106. Both linear and circular molecules were observed, and one lariat form was seen.
When rDNA was spread under partially denaturing conditions in 84% formamide, its repetitive structure became apparent. Denaturation bubbles occurred at regular intervals in a repeating pattern with one native and one denatured region per repeating unit (Fig. 4) . The mean center-to-center spacing 3314 Cell Biology: Findly and Gall of these bubbles was 5.5 X 106 daltons (SD = 0.55 X 106 daltons, n = 169), determined by comparison with double-stranded ¢X174 in the same sample. The single-stranded regions were assumed to have the same contour length as the double-stranded regions from which they were derived. Linear and circular molecules had the same partial denaturation pattern, although only a few circles were available for analysis. The smallest circles found were dimers. The largest linear and circular molecules had molecular weights of 77.3 X 106 (>13 repeats), and 38.4 X 106 (7 repeats), respectively. A representative partially denatured molecule is shown in Fig. 5 .
Electron microscopy was also used to search for snapback rDNA molecules. The rDNA was denatured either by heat or by alkali; in the first case it was cooled briefly (11) , and in the second it was neutralized before being added to the spreading solution. The DNA was largely single stranded when viewed in the electron microscope. However, rare double-stranded circles were seen. These must have arisen from covalently closed circles, since a nick in either strand would have permitted the two strands to separate completely from one another. The circles were the same size as those seen in nondenatured preparations. No configurations were seen that could have arisen from intramolecular reassociations of the sort expected for repeats arranged in a head-to-head fashion (11) .
The fact that circles were observed, especially the covalently closed circles, reinforced the conclusion that the rDNA was extrachromosomal. The double-stranded molecular weight of rDNA molecules determined by electron microscopy was approximately twice the single-stranded molecular weight calculated from alkaline sucrose gradients. Thus, the electron microscopic observations confirm that the sedimentation pattern accurately reflects the size of the rDNA, and demonstrate that the sedimentation profile was not the result of specific single-standed nicks in the rDNA.
The repeat size obtained by digestion of the rDNA with the restriction endonucleases Bgl II or EcoRI agreed closely with that from electron microscopy (Fig. 3) ference in repeat lengths represents the size heterogeneity due to variable length spacer sequences.
The data from electron microscopy and restriction analysis are consistent with a sequentially repeated, nonpalindromic unit in Paramecium rDNA.
DISCUSSION
The extrachromosomal rDNA of Tetrahymena, Physarum, and Dictyostelium exists primarily as palindromic dimers and, hence, the isolated molecules are quite homogeneous in molecular weight. By contrast, the extrachromosomal Paramecium rDNA exhibits a wide range of molecular weights, as shown both by the broad sedimentation pattern on alkaline sucrose gradients and by the heterogeneous size distribution seen by electron microscopy. In this respect Paramecium rDNA more closely resembles the amplified rDNA of Xenopus oocytes (2, 3) than the rDNA of other lower eukaryotes.
Partial denaturation mapping revealed that the rDNA molecules were composed of tandem repeats, which were equal in length along most molecules. However, some molecules showed evidence of heterogeneity of repeat length that was probably not due to measuring errors. For example, in Fig. 4 the third and fourth molecules are both circles with the same number of repeats, but the fourth molecule is smaller and contains one repeat that is significantly shorter than average. This suggests that heterogeneity of adjacent repeats occurs in extrachromosomal rDNA molecules. The repeat size found upon restriction enzyme analysis of Paramecium rDNA agreed with the value from electron microscopy and also gave evidence of heterogeneity in the size of the spacer sequences. However, the restriction studies do not distinguish between intra-and intermolecular heterogeneity. Confirmation of the intramolecular heterogeneity will require an electron microscopic study of heteroduplex molecules prepared by annealing isolated rDNA with a homogeneous cloned rDNA fragment (26) .
The observed heterogeneity has interesting implications with respect to amplification of the rDNA. Most ciliates contain a transcriptionally active polyploid macronucleus and an inactive diploid micronucleus which is responsible for the genetic continuity of the organism. The extrachromosomal rDNA in the Paramecium macronucleus presumably arises from micronuclear rDNA after conjugation. The developmental pattern of the macronuclear nucleoli suggests that rDNA amplification may occur during polyploidization of the new macronuclei (16) . The heterogeneity seen in the restriction pattern of Paramecium rDNA shows that more than one repeat size must exist in the cell population used in this study. More interestingly, intramolecular heterogeneity was found in the extrachromosomal rDNA. The simplest explanation of this observation is that the Paramecium micronucleus contains integrated tandem copies of the rDNA of variable unit lengths, and that adjacent repeats serve together as templates during amplification of the chromosomal rDNA. The number and arrangement of the different classes of repeats and the mechanism of amplification are not known. The organization of Paramecium rDNA is thus sig- (26) .
This study provides additional evidence that extrachromosomal rDNA may be a common feature among lower eukaryotes (7) . However, in contrast to the palindromic dimers found in Tetrahymena, Dictyostellum, and Physarum, the rDNA of Paramecium is arranged as multiple tandem repeats in linear or circular molecules.
